Abstract: Fully relativistic calculations have been performed for two multiplets, 3s3p 2 4 P and 3s3p4s 4 P o , in Al I. Wave functions were obtained for all levels of these multiplets using the GRASP programs. Reported are the E1 transitions rates for all transitions between levels of these multiplets. Transition energies and transition rates are compared with observed values and other theory. Our calculated transition rates are smaller by about 10% than observed rates, reducing a large discrepancy between earlier calculations and experiments.
Introduction
Atomic spectra are of vital importance as plasma diagnostics and reliable wavelengths and transition probabilities are essential for applications. Recently, Hermann et al. [1] deduced transition probabilities between the fine structure lines connecting the 3s3p 2 4 P and 3s3p 2 4 P o multiplets from emission coefficients measured in laser ablation of aluminum in argon. The transition probabilities obtained were roughly a factor of two larger than those listed in the semi-empirical calculations of Kurucz and Peytremann [2] , and no other values were found in existing tabulations. The fine structure lines connecting the 3s3p 2 4 P and 3s3p 2 4 P o multiplets occur in the same general wavelength region (305-310 nm) and with comparable strength as the well-studied (see [3] and the references therein) fine structure lines connecting the 3s 2 3p 2 P and 3s 2 3d 2 D multiplets, making the discrepancy of concern for applications in the UV wavelengths.
Multiconfiguration Dirac-Hartree-Fock (MCDHF) and relativistic configuration interaction (RCI) calculations have been performed by Papoulia et al. [3] for 28 states in neutral Al. The configurations of interest were 3s 2 nl for n = 3, 4, 5 with l = 0-4, as well as 3s3p 2 and 3s 2 6l for l = 0, 1, 2. Lifetimes and transition data for radiative electric dipole (E1) transitions were reported. There was a significant improvement in accuracy, in particular for the more complex system of neutral Al I, which may prove useful for astrophysical applications to Al abundance determinations in stars. Omitted were the levels of the 3s3p4s 4 P o multiplet, which lies above the first 3s 2 ionization limit [4] . This paper reports transition rates for all E1 transitions between the 3s3p 2 4 P and 3s3p4s 4 P o multiplets using the variational multiconfiguration Dirac-Hartree-Fock (MCDHF) method [5] , as implemented in the GRASP programs [6] . The accuracy of the results is based on the accuracy of the theoretically-predicted transition energies compared with available measurements, as well as the agreement between length and velocity rates.
Underlying Theory
In the MCDHF method [5] , the wave function Ψ(γPJ M J ) for a state labeled γPJ M J , where J and M J are the angular quantum numbers and P the parity, is expanded in antisymmetrized and coupled configuration state functions (CSFs):
The labels {γ j } denote other appropriate information about the CSFs, such as orbital occupancy and the coupling scheme. The CSFs are built from products of one-electron orbitals, having the general form:
where χ ±κ,m (θ, ϕ) are two-component spin-angular functions. The expansion coefficients and the radial functions are determined iteratively. In the present work, the Dirac-Coulomb Hamiltonian H DC was used [5] , which included a correction for the finite size of the nucleus. The radial functions {P nκ (r), Q nκ (r)} were determined numerically as solutions of differential equations,
where V(a; r) = V nuc (r) + Y(a; r) +X(a; r) is a potential consisting of nuclear, direct, and exchange contributions arising from both diagonal and off-diagonal Φ α |H DC |Φ β matrix elements [5] . For a given set of radial functions, expansion coefficients c = (c 1 , . . . , c M ) t were obtained as solutions to the configuration interaction (CI) problem,
where H is the CI matrix of dimension M × M with elements
Once self-consistent solutions have been obtained-sometimes referred to as the relativistic MCDHF or RMCDHF phase-an RCI calculation was performed using an extended Hamiltonian that included the transverse photon (Breit) and QED corrections. Wave functions from the latter Hamiltonian were used to compute the E1 transitions rates.
Systematic Procedures
Systematic procedures were used in which the orbital set used for defining the wave function expansion increased systematically within a correlation model.
The states of Al consist of a neon-like (1s 2 2s 2 2p 6 ) core and three valence electrons. Wave function expansions were obtained from single-and double-(SD) excitations from a multireference (MR) set that interacted significantly with the CSFs of interest. For the even multiplet, the MR set included the CSFs from 3s3p 2 , 3s3d 2 , and 3p 2 3d configurations and for the odd multiplet, CSFs from 3s3p4s, 3p3d4s, 3p 2 4p, and 3s3d4p. Because the odd multiplet was above the first ionization limit, all 3s 2 nl CSFs were removed. In this paper, the orbital sets that define the set of excitations were classified according to the largest nl of the orbital set when the latter were ordered globally by n (the principal quantum number) and within n by l (the orbital quantum number). Thus, an n = 3 orbital set includes all orbitals up to 3s, 3p, 3d and all n = 5 f orbitals up to 5s, 5p, 5d, 5 f (5g not included).
Our first model was the valence correlation (VV) model, in which all excitations involved only valence electrons. n = 3 calculations were performed for an average energy functional of the lowest even parity J = 1/2, 3/2, 5/2 states. This calculation defined the core orbitals for all subsequent calculations. The n = 4, 5 f , 6 f calculations each varied only the new orbitals. For the odd multiplet, the first calculation had orbitals up to 4s, 4p, and 3d, but is still referred to as an n = 3 calculation in this paper, with remaining sets being the regular n = 4, 5 f , 6 f orbital sets. Table 1 shows the convergence of the fine-structure of the two multiplets and their separation. [4, 7] . All results are in cm −1 . n = 3 n = 4 n = 5 f n = 6 f Observed 3s3p 2 4 P Fine structure 3s3p 2 The results of the converged valence correlation calculations, when compared with observation, suggest that the energy structure is not significantly affected by the core-valence (CV) that accounts for the polarization for the core. To confirm this conclusion, calculations were performed in which SD excitations included a single excitation from the 2p-shell along with a single excitation of a valence electron. Wave function expansions were considerably larger and convergence a bit slower. Table 2 shows the convergence of the energy structure. The fine structure of the odd multiplet increased slightly and was in somewhat better agreement with the data from observation. At the same time, the transition energy for 4 P 1/2 − 4 P o 1/2 for an n = 7 f calculation was not in as good agreement with observed as the n = 6 f valence correlation calculation reported in Table 1 . 
Results
The wave functions from RCI expansions, determined using the Dirac-Coulomb-Breit-QED Hamiltonian, were used to compute the E1 transition rates for all transitions between these two multiplets. Table 3 reports the transition energy ∆E (cm −1 ), the wavelength λ (nm) in a vacuum, A (µs −1 ), and g f , in the length form for calculations of Table 1 . Furthermore included is an indicator of accuracy dT = (A l − A v )/max(A l , A v ), where A l and A v are transition rates from length and velocity forms, respectively. The average discrepancy between the two forms was 1.5%, and in all cases, the velocity form had a larger value than the length form. The effect of core-valence is shown in Table 4 where results are reported both for the n = 5 f and n = 7 f calculation. The former was included because of the remarkable agreement in length and velocity forms, yet the transition energy (as shown in Table 2 ) was not in as good agreement with the observed as before. Since the transition rate is proportional to (∆E) 3 , correcting the transition rate for this factor would introduce a 4.0% reduction. Indeed, the n = 7 f transition rates were smaller with the transition energy more accurate, but length and velocity were not in as good agreement. In summary, valence correlation predicted the best transition energy and the best agreement in length and velocity for accurate transition energy. Table 5 compares the predicted transition rates (based on observed transition energies or wavelengths in a vacuum, rather than computed transition energies as in Table 4) , with values derived from observations by Hermann et al. [1] and the values reported by Kurucz and Peytremann [2] . The latter used a semi-empirical approach in which Slater parameters were determined empirically from observed energy levels and transition probabilities calculated by the use of scaled Thomas-Fermi-Dirac wave functions. As seen in Table 5 , the present predicted transition rates are about 10% smaller than observed values, whereas the Kurucz and Peytremann values are about a half those of the observed rates. Thus, the discrepancy between theory and experiment has been reduced significantly. 
Summary and Conclusions

